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The tropical niche conservatism hypothesis suggests that most groups should be most
phylogenetically clustered in cold, dry environments. This idea has been well-tested in
plants and some animal groups, but not for fishes. We assess the geographic patterns
of freshwater fish phylogenetic structure and investigate the relationships between
these patterns and environmental variables across North America and within two
biogeographic realms. Phylogenetic relatedness and diversity of 360 freshwater fish
assemblages across North America were quantified with three metrics based on a welldated phylogeny, and were related to 15 environmental variables using correlation
and regression analyses. Geographically, the data were analyzed for North America
as well as for separate biogeographic realms. We found that cold temperatures are the
strongest determinant of phylogenetic clustering overall. However, in the arid west,
clustering is most pronounced in the driest regions. In eastern North America, phylogenetic clustering increases at higher latitudes, while the reverse is true in western
North America. The strongest phylogenetic clustering for freshwater fish assemblages
on the continent is found in the most arid, rather than the coldest, climate in North
America. Our results highlight that patterns of phylogenetic structure of freshwater
fishes in North America are driven by both ecological and evolutionary processes that
differ regionally.
Keywords: community assembly, environmental gradient, freshwater fish, niche
conservatism, phylogenetic relatedness, phylogenetic structure

Introduction
The composition of a species assemblage is the product of the interplay of ecological and evolutionary processes (Ricklefs 1987). At a broad spatial scale, temperature and precipitation are among the most important drivers of species distributions
––––––––––––––––––––––––––––––––––––––––
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(Hawkins et al. 2003, Qian and Sandel 2017, Qian et al.
2019a), with temperature often being more strongly correlated with species richness than precipitation (Hawkins et al.
2003, Moles et al. 2014). An assemblage includes species
whose environmental tolerances allow them to maintain
populations under the environmental conditions of the area
where the assemblage is located. The ability of a species to
tolerate a particular set of environmental conditions is largely
determined by its evolutionary history of adaptation. Closely
related species often share similar ecological traits and niches
(Wiens and Donoghue 2004), and thus tend to tolerate similar environmental conditions and exhibit similar geographic
distributions (Qian and Ricklefs 2004).
Many major clades of organisms originated and initially
diversified when the Earth’s climate was warm and humid (e.g.
during the Cretaceous and early Tertiary; Behrensmeyer et al.
1992, Wiens and Donoghue 2004). Thus, warm and humid
environments are ancestral niches for many major clades.
Traits that confer cold or drought tolerance evolved during
the global cooling initiated in the early Eocene (Graham
2011, Condamine et al. 2012). Due to phylogenetic niche
conservatism (i.e. retention of ecological traits over evolutionary time among related clades or species; Wiens et al. 2010),
many clades remain constrained to tropical conditions, with
only occasional evolutionary breakthroughs into temperate
conditions. Accordingly, species assemblages in more stressful
environments (e.g. cold climate) are expected to have more
closely related species, which would lead to higher phylogenetic relatedness (clustering) and lower phylogenetic diversity
(Wiens and Donoghue 2004, Qian and Sandel 2017).
Fishes are important organismal components in freshwater systems. Previous studies have shown that their species richness varies greatly across environmental gradients
(Griffiths et al. 2014, Tedesco et al. 2017, Leroy et al. 2019).
Knowledge on how measures of phylogenetic structure of
freshwater fishes are associated with environmental factors is
important to understanding assembly of freshwater fish communities from species pools, and the ecological and evolutionary drivers for fish species richness in freshwater systems.
To our knowledge, there are few studies that have investigated patterns of phylogenetic structure of freshwater fishes
across broad spatial scales and environmental gradients (but
see Kuczynski et al. 2018). Here, we fill this gap by exploring
geographic patterns and environmental drivers of phylogenetic relatedness and diversity of freshwater fishes in North
America, which has the greatest number of post-Pleistocene
freshwater fish species of any temperate region in the world
(Knouft and Page 2011).
The uplift of the Rocky Mountains during the Tertiary
increased climate aridity in southwestern North America and
caused the extinction of some Tertiary lineages that evolved in
humid climates and were intolerant to dry climate (Griffiths
2015). Smith et al. (2010) found much higher extinction
rates and slightly higher speciation rates for freshwater fish
families in western than in eastern North America. Selective
extinction in clades intolerant to drought and diversification

in neoendemic clades tolerant to drought should produce
greater phylogenetic clustering in southwestern North
America (Qian and Sandel 2017). Accordingly, it is expected
that these processes would have caused higher phylogenetic
clustering and lower phylogenetic diversity in western than
in eastern North America, and higher phylogenetic clustering and lower phylogenetic diversity in the south than in the
north within western North America, a pattern opposite to
that of eastern North America.
North America is often divided into two freshwater fish
biogeographic realms (i.e. Pacific and Atlantic) along the
Continental Divide (Griffiths 2015). Because ecological and
evolutionary processes differ substantially between these two
realms (Smith et al. 2010), the relationships between measures of phylogenetic structure and environmental variables
might also differ. Furthermore, on the one hand, eastern
North America possesses a long and strong thermal gradient
from subtropical to arctic climates, along which water availability is generally not a stress. On the other hand, southern
North America possesses a long and strong humidity gradient from moist climate in the east to arid climate in the west.
These two gradients are ideal for examining the relationships
between measures of phylogenetic structure and temperature
and those between phylogenetic structure and water availability, respectively.
In this study, we explore and map geographic patterns of
phylogenetic relatedness and diversity, and investigate the
relationships between measures of phylogenetic structure
and environmental variables for freshwater fish assemblages
across North America and within its two biogeographic
realms (Supplementary material Appendix 1 Fig. A1). We
analyse environmental variables related to temperature and
precipitation, and measures of habitat heterogeneity and
Quaternary climate change. We use both basal-weighted and
tip-weighted metrics to quantify phylogenetic relatedness for
each freshwater fish assemblage. We addresses the following questions about assembly of freshwater fishes from the
continental species pool: 1) does phylogenetic relatedness
increase, and phylogenetic diversity decrease, with decreasing temperature and precipitation across North America,
as predicted by the tropical niche conservatism hypothesis
(Wiens and Donoghue 2004)? We predict that the broad gradients in temperature and precipitation will result in higher
phylogenetic relatedness and lower phylogenetic diversity in
colder and drier climates (hypothesis 1). 2) Are freshwater
fish assemblages more closely related (clustered) in western
or eastern North America (e.g. Pacific versus Atlantic realm)?
We predict that selective extinction in clades intolerant to
drought and diversification in neoendemic clades tolerant to
drought will produce greater phylogenetic clustering in western than in eastern North America (hypothesis 2). 3) Are the
relationships between measures of phylogenetic relatedness
and latitude opposite between the two biogeographic realms?
We predict that phylogenetic relatedness would increase
and phylogenetic diversity would decrease with latitude in
the Atlantic realm, but the opposite would be true in the
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Pacific realm due to the aridity of the southwest (hypothesis
3). 4) Are measures of phylogenetic structure more strongly
related to temperature or precipitation? We predict that phylogenetic structure will be more strongly related to temperature (hypothesis 4), as it plays a more important role than
precipitation in species assembly and richness across taxa
(Hawkins et al. 2003) and for riverine fish species richness in
North America (Griffiths et al. 2014).
We find that cold temperatures are the strongest determinant of phylogenetic relatedness and diversity of freshwater fishes in overall North America; phylogenetic clustering
increases at higher latitudes in the Atlantic realm whereas the
reverse occurs in the Pacific realm; and the strongest phylogenetic clustering is found in the aridest, rather than the
coldest, climate.

Material and methods
Species assemblage data

Our study area included Canada and the continental United
States (hereafter North America), which includes the Pacific
and Atlantic biogeographic realms of freshwater fish fauna
(Supplementary material Appendix 1 Fig. A1; Griffiths 2015).
The biogeographic realms are split along the Continental
Divide, which separates the river systems that drain into the
Pacific Ocean from those that drain into the Atlantic Ocean
(including the Gulf of Mexico, the Caribbean Sea, Hudson
Bay and the Arctic Ocean). These realms have been documented to reflect topographic differences (catchment size,
slope and connectivity) and climatic changes in ice cover and
aridity that influence freshwater fish species richness in North
America (Griffiths 2018).
Species distributions of freshwater fishes in North America
have been well documented (Chu et al. 2003, NatureServe
2010, Page and Burr 2011). We used species lists for watersheds at the second level of the classification of hydrologic
systems in Canada (Chu et al. 2003). For the US, we generated species lists for watersheds at the US Geological Survey
Hydrological Unit Code 4 level (USGS-HUC4) (<www.
usgs.gov/GIS/regions.html>) based on species data compiled at the USGS-HUC8 level (<www.natureserve.org>
and
<www.adfg.alaska.gov/index.cfm?adfg=ffinventory.
main>). On average, the sizes of watersheds do not differ
significantly between the two data sources (mean ± SD: 50
191 ± 27 769 km2 for Canada, 58 236 ± 69 136 km2 for
the US, Student’s t-test, p = 0.199). There are a total of 360
watersheds, 289 in the Atlantic realm, and the remainder in
the Pacific realm.
Nomenclature of the fish species in the watersheds was
standardized and each species was assigned to a taxonomic
family according to FishBase (<www.fishbase.de>). Nonnative species were excluded. Species that are not strictly
distributed in freshwater were also excluded. Because the
classification of the family Petromyzontidae, which has 13
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species in North America, has been debated and because this
family was not included in the most comprehensive, dated
megaphylogeny for fish species (Rabosky et al. 2018), which
was used in the present study (see below), we excluded this
family. As a result, our study included 749 species of freshwater fishes, belonging to 36 families and 132 genera.
Phylogeny reconstruction

We used the megaphylogeny of fishes recently reported by
Rabosky et al. (2018) as a backbone to generate a phylogeny
for North American freshwater fishes. The megaphylogeny,
which was time-calibrated, included all 36 families in our
dataset. Of the 132 genera and 749 species, 127 (96%) and
689 (92%), respectively, were present in the megaphylogeny.
Each of the five genera that were absent from the megaphylogeny had only one species in North America. For the genera and species that are absent from the megaphylogeny, we
added them to their respective genera (in the case of species)
and families (in the case of genera). Specifically, we added
a missing genus at the basal node within the family and a
missing species at the basal node within its genus. The resulting phylogeny (Supplementary material Appendix 1 Fig.
A2) was fully resolved at the family level and well resolved
at the genus and species levels, which is appropriate for the
purpose of quantifying community phylogenetic structure
(Li et al. 2019).
Phylogenetic metrics

We used two indices to measure phylogenetic relatedness
and one index to measure phylogenetic diversity for the 360
watershed assemblages of freshwater fishes in North America.
The two indices measuring phylogenetic relatedness were
the net relatedness index (NRI) and the nearest taxon index
(NTI) (Webb et al. 2002, 2008). These two indices, which
emphasize different depths of evolutionary history, are the
most commonly used measures of phylogenetic relatedness.
NRI is a standardized measure of the mean pairwise phylogenetic distance of taxa in a sample, relative to a phylogeny
of an appropriate species pool; it quantifies overall clustering
of taxa on a phylogeny. NTI is a standardized measure of the
phylogenetic distance between each focal taxon and its nearest taxon in the sample and quantifies the extent of terminal
clustering, independent of deep level clustering. Thus, NRI
captures structure deeper in the phylogeny whereas NTI captures more tip-level structure. Both NRI and NTI are calculated as (Webb et al. 2002): NRI or NTI = −1 × (Xobs − Xrand)/
(sdXrand). For NRI, Xobs is the observed mean phylogenetic
distance (MPD), Xrand is the expected MPD of the randomized assemblages and sdXrand is the standard deviation of the
MPD for the randomized assemblages. For NTI, Xobs is the
observed mean nearest taxon distance (MNTD), Xrand is the
expected MNTD of the randomized assemblages and sdXrand
is the standard deviation of the MNTD for the randomized assemblages. A positive value of NRI or NTI indicates

that species are more closely related than expected by chance
and thus are phylogenetically clustered, whereas a negative
value of NRI or NTI indicates that species are more distantly
related than expected by chance and thus are phylogenetically overdispersed. We used the phylogenetic diversity index
(PDI; Sandel 2018) to quantify phylogenetic diversity. PDI
standardizes Faith’s (1992) measure of phylogenetic diversity
(PD), and is calculated as the standardized effect size of the
PD relative to the expectation and variance of PD for a random draw of S species from the phylogenetic tree, where S
is the species richness of the assemblage (Tsirogiannis and
Sandel 2016).
Calculating NRI, NTI and PDI requires a null model and
a defined species pool. Our null model considered all possible combinations of S species from the species pool to be
equally likely (Tsirogiannis and Sandel 2016). NRI, NTI and
PDI are richness-standardized indices, but can depend on the
species richness of the assemblage (Sandel 2018), which may
be resolved by a rarefaction procedure, but at the expense of
losing information and increasing uncertainty in the phylogenetic structure metrics. It has been found that non-rarified
values of phylogenetic metrics are strongly and positively
correlated with those derived from rarefaction (Qian et al.
2019b). Thus, we focus here on the non-rarified values. We
used the software PhyloMeasures (Tsirogiannis and Sandel
2016) to calculate phylogenetic metrics.
When Rabosky et al. (2018) reported their best megaphylogeny, which was used as the backbone of the phylogenetic tree of the present study, they also proposed 100
possibilities for phylogenetic trees. We conducted a supplementary analysis to assess potential effect of the uncertainty
of the phylogenetic trees on our study. Specifically, for each
of the phylogenetic metrics used in this study, we calculated values for each fish assemblage based on each of the
100 phylogenetic trees, we then calculated the average of
the 100 values for each fish assemblage, and we correlated
the average values for the 360 watersheds with those derived
from the best megaphylogeny. All species present in the
Rabosky et al. (2018) phylogenetic trees and in our data set
were included in this analysis. We found that the correlations
were nearly perfect (r = 0.999 in all cases). This indicated that
the results of our study would be robust to uncertainty of
phylogenetic trees.
Environmental data

Previous studies have shown that contemporary climate
conditions, long-term climate change (particularly since
the Last Glacial Maximum), and topographic heterogeneity
affect species diversity of freshwater fishes in North America
(Griffiths et al. 2014). Accordingly, we examined a number
of environmental variables (n = 15) to determine which variables are most closely associated with the geographic patterns
of NRI, NTI and PDI. We divided the environmental variables into four broad categories (i.e. ‘general’ environmental

condition, climate seasonality, habitat heterogeneity and
Quaternary climate change).
General environmental condition included eight environmental variables: mean annual temperature, minimum
temperature of the coldest month, maximum temperature
of the warmest month, annual precipitation, precipitation
in the driest month, precipitation in the wettest month,
actual evapotranspiration and potential evapotranspiration.
Data for the first six climate variables were obtained from
the WorldClim website (<http://worldclim.org/version2>;
corresponding to bio1, bio6, bio5, bio12, bio14 and bio13,
respectively), using the data at a resolution of 30 arc-seconds.
Data for the two evapotranspiration variables were obtained
from the CGIAR website (<www.cgiar-csi.org/data>). The
mean value of each of these eight climate variables was calculated for each watershed. Relationships between air temperature variables (such as the ones used in this study) and water
temperatures are well established for freshwater ecosystems
(Shuter et al. 1983, Mohseni and Stefan 1999).
Climate seasonality was measured as temperature seasonality (temperature variation over a year based on the standard
deviation of monthly temperature averages) and precipitation
seasonality (the ratio of the standard deviation of the monthly
total precipitation to the mean monthly total precipitation).
Data for these variables were obtained from the WorldClim
website (<http://worldclim.org/version2>; corresponding to
bio4 and bio15, respectively), using the data at a resolution
of 30 arc-seconds. The mean value of each of the two climate
variables was calculated for each watershed.
Habitat heterogeneity was derived from the variation
(standard deviation) in topography (elevation), mean annual
temperature and annual precipitation among grid cells of
~1 km2 within each watershed. Data for these variables were
obtained from the WorldClim website (<http://worldclim.
org/version2>), using data at a resolution of 30 arc-seconds.
Quaternary climate change included two variables: temperature and precipitation anomalies, which measure glacial–interglacial oscillations of temperature and precipitation
since the Last Glacial Maximum. They represent the differences in mean annual temperature and annual precipitation, respectively, between the Last Glacial Maximum and
the present (1970–2000; <http://worldclim.org/version2>).
The mean annual temperature and annual precipitation at
the Last Glacial Maximum were computed from the average
of the data simulated from CCSM3 (community climate system model, ver. 3) and MIROC3.2 (model for interdisciplinary research on climate, ver. 3.2) (Hasumi and Emori 2004,
Otto-Bliesner et al. 2006). The mean value of each of these
two climate variables was calculated for each watershed.
Data analysis

We conducted correlation and regression analyses to assess
the relationships between phylogenetic metrics and environmental variables. For the correlation analyses, we
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considered a correlation to be strong for |r| > 0.66, moderate for 0.66 ≥ |r| > 0.33 and weak for |r| ≤ 0.33 (Qian et al.
2019a). We conducted simple and multiple linear regression
analyses based on ordinary least squares (OLS) models. In
most cases, we conducted analyses for the two biogeographic
realms separately. For each realm and each phylogenetic metric, we built OLS models for all possible combinations of the
15 environmental variables and considered the model with
the lowest value of small-sample size corrected Akaike information criterion (AICc) to be the best model (Burnham and
Anderson 2002). We assessed the relative importance of each
of the independent variables in each of the best multiple linear regression models based on standardized regression coefficients of the independent variables.
Both temperature-related and precipitation-related
variables of contemporary climatic conditions have been
reported to influence composition and richness of freshwater
fish assemblages (Griffiths et al. 2014). To determine which
of these two types of climatic variables has a stronger influence on our phylogenetic measures, we conducted a series of
partial regressions (Legendre and Legendre 2012) to partition
the variation into three portions: explained uniquely by contemporary temperature variables (i.e. WorldClim variables of
bio1, bio4, bio5 and bio6), explained uniquely by contemporary precipitation variables (i.e. WorldClim variables of
bio12, bio13, bio14 and bio15), and explained jointly by the
contemporary temperature and precipitation variables.
Mean annual temperature, annual precipitation and seasonality of temperature and precipitation are among the most
important climatic variables driving assembly of organisms
(Weigelt et al. 2015), including freshwater fishes (Côte et al.
2019); accordingly, we particularly focused on these four climatic variables in some analyses.
To determine whether spatial autocorrelations of variables
among freshwater fish assemblages affect our assessments of
the relative effects of environmental variables on the phylogenetic metrics, we also conducted a set of multiple regressions
after accounting for spatial autocorrelation, using spatial
autoregressive (SAR) models (Kissling and Carl 2008).
To investigate whether the gradient of phylogenetic structure across thermal variation is stronger than that across
humidity variation, or vice versa, we assembled a thermal
gradient in the south–north direction, which included all
watersheds in North America whose centroids were located
east of 90°W longitude (n = 134), and a humidity gradient
in the east–west direction, which included all watersheds in
North America whose centroids were located south of 40°N
latitude (n = 110). These two gradients are among the strongest thermal and humidity gradients in North America (Qian
and Sandel 2017). We related phylogenetic metrics to temperature-related variables for the thermal gradient and related
phylogenetic metrics to precipitation-related variables for the
humidity gradient.
We used the packages SYSTAT (Wilkinson et al. 1992)
and Spatial Analysis in Macroecology (<www.ecoevol.ufg.br/
sam/>; Rangel et al. 2006) for statistical analyses.
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Results
Geographic patterns of phylogenetic diversity and
relatedness

Phylogenetic diversity in freshwater fish assemblages across
North America was strongly correlated with species richness (r = 0.973), and they were highest in the southeastern
region of North America (Fig. 1a; Supplementary material
Appendix 1 Fig. A3). These patterns held even after accounting for watershed size (Supplementary material Appendix 1
Fig. A4). The latitudinal gradient of phylogenetic diversity
was much stronger in the Atlantic realm than in the Pacific
realm (Fig. 1a; Supplementary material Appendix 1 Fig.
A4). PDI decreased with latitude in the Atlantic realm but
increased with latitude in the Pacific realm (Fig. 1b, 2c). PDI
for fish assemblages in the Atlantic realm was, on average,
greater than that in the Pacific realm (mean value being 0.995
and −1.080, respectively; t-test, p < 0.001).
Fishes within assemblages were more closely related in the
Pacific realm than in the Atlantic realm, regardless of which
metric of phylogenetic relatedness was considered. Across
North America, watersheds with the most clustered assemblages of fishes were located in the southwestern region of the
continent, regardless of whether NRI or NTI was considered
(Fig. 1). NRI of freshwater fishes increased with latitude in
the Atlantic realm, but this pattern was reversed in the Pacific
realm (Fig. 1c). NRI for fish assemblages in the Atlantic
realm was, on average, lower than that in the Pacific realm
(mean value being −1.453 and 1.132, respectively; t-test,
p < 0.001). Similarly, NTI for fish assemblages in the Atlantic
realm was lower than that in the Pacific realm (−0.436 and
1.073, respectively; t-test, p < 0.001).
Environmental correlates of phylogenetic diversity
and relatedness

For North America as a whole, NRI was weakly and negatively correlated with mean annual temperature (r = −0.276)
and moderately and negatively correlated with annual precipitation (−0.423) (Supplementary material Appendix 1
Table A1); NTI was weakly and negatively correlated with
mean annual temperature (−0.028) and annual precipitation
(−0.163) (Supplementary material Appendix 1 Table A1); PD
was moderately and positively correlated with mean annual
temperature (0.545) and annual precipitation (0.523). The
measure of PD with species richness being accounted for (i.e.
PDI) was weakly correlated with these two climate variables
(0.205 and 0.280, respectively). Correlations between each of
these phylogenetic metrics and each of the 15 environmental
variables were shown in Supplementary material Appendix 1
Table A1.
The climatic correlates of phylogenetic metrics often differed between the two biogeographic realms (Table 1, Fig. 2).
Temperature variables were more strongly correlated with
phylogenetic metrics than precipitation variables in both
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Figure 1. Faith’s phylogenetic diversity (PD; panel a), phylogenetic diversity index (PDI; panel b), net relatedness index (NRI; panel c) and
nearest taxon index (NTI; panel d) of freshwater fish assemblages in North America.

Pacific and Atlantic realms, but the correlations for a given
climatic variables were often in opposite directions in the two
realms (Table 1, Fig. 2).
Of the three habitat heterogeneity variables, correlations
of phylogenetic metrics with topographic heterogeneity were
strongest in all the three cases in the Atlantic realm, while
correlations of phylogenetic metrics with temperature heterogeneity were strongest in all the three cases in the Pacific
realm (Table 1). Of the two variables quantifying historical
climate change during the Pleistocene, precipitation anomaly

tended to be a stronger correlate of the phylogenetic metrics than temperature anomaly in the Atlantic realm but the
reverse pattern was found in the Pacific realm (Table 1). The
effects of precipitation anomaly and temperature anomaly
on a given phylogenetic metric tended to be in the opposite
directions (Table 1).
When each of the three phylogenetic metrics was regressed
on the four temperature-related and four precipitation-related
variables that represent the means, extremes and variability of
temperature and precipitation, for North America as a whole,
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Figure 2. Correlation coefficient (r) between phylogenetic metric (net
relatedness index NRI; nearest taxon index, NTI; phylogenetic diversity index, PDI) and latitude (LAT) or climate variables (mean annual
temperature, MAT; annual precipitation, AP; temperature seasonality,
TS; precipitation seasonality, PS) for freshwater fish assemblages in
North America. Panels (a–c) are for NRI, NTI and PDI, respectively.
Each of the five segments in a panel includes two bars representing two
biogeographic realms for fishes in North America (left and blue, Pacific
realm; right and red, Atlantic realm). An asterisk above or below a bar
represents a significant correlation (p < 0.05).

the variation explained uniquely by the four temperature
variables was much greater than that explained uniquely by
the four precipitation variables, and was also greater than that
explained jointly by the two variable groups (Fig. 3). When
fish assemblages in the two biogeographic realms were analyzed separately, the temperature-related variables explained
more variation in the phylogenetic metrics than did precipitation-related variables in all the six cases (Supplementary
material Appendix 1 Fig. A5). On average, the temperaturerelated variables explained more variation in the phylogenetic
metrics than did precipitation-related variables by a factor of
over three.
The relationship between NRI and annual precipitation
across the east–west-oriented humidity gradient was much
stronger than that between NRI and mean annual temperature across the south–north-oriented thermal gradient
(R2 = 0.604 and standardized regression coefficient = −0.777
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for the humidity gradient; R2 = 0.239 and standardized
regression coefficient = −0.489 for the thermal gradient).
This remained true when including all precipitation-related
variables or all temperature-related variables (R2 = 0.627 and
0.418, respectively).
When the four climatic variables measuring the means
and seasonality of temperature and precipitation (i.e. mean
annual temperature, annual precipitation, temperature seasonality and precipitation seasonality) were considered in
the analysis of phylogenetic relatedness, the relationships
between NRI and the climatic variables were stronger than
those between NTI and the climatic variables for the Atlantic
realm (Fig. 2a–b), whereas the relationships for NRI tended
to be as strong as or weaker than those for NTI (Fig. 2a–b).
Across a temperature gradient, NRI, NTI and PDI tended
to strongly converge from warm to cold climates (i.e. from
low to high latitudes) (Fig. 4a–c). In contrast, across a precipitation gradient, values of the three phylogenetic metrics
tended to converge at a smaller degree between the two biogeographic realms (Fig. 4d–f ). In fact, values of the three
phylogenetic metrics tended to vary more greatly towards
areas with low precipitation in the Pacific realm (Fig. 4d–f ).
When a phylogenetic metric for a particular biogeographic
realm was regressed on all possible combinations of the 15
environmental variables, 32 767 regression models resulted.
The number of explanatory variables in the best model for
a phylogenetic metric in a particular realm varied from 5 to
11 (Table 2). On average, each best model explained 55.5%
of the variation in a phylogenetic metric in a biogeographic
realm. Mean annual temperature was retained in four out of
the six best models and its strong correlates (i.e. minimum
temperature of the coldest month and maximum temperature of warmest month) were retained in the other two best
models (Table 2). These variables were the most important
determinants of phylogenetic structure of fish assemblages
in all the six best models, as indicated by their standardized
regression coefficients (Table 2). Precipitation-related variables or a strong correlate of annual precipitation (i.e. actual
evapotranspiration) were retained in five of the six best models (Table 2). Variables representing climate seasonality were
retained in all the six best models and appeared in 11 of the
12 model terms (Table 2). Variables representing habitat heterogeneity were retained only in four best models (only in five
of the eighteen model terms; Table 2). Variables representing
Quaternary climate change were retained in four of the six
best models (Table 2); in particular, the variable reflecting
historical precipitation change during the Pleistocene (i.e.
precipitation anomaly) was retained in four best models and
appeared in six of the 12 model terms, whereas the variable
reflecting historical temperature change (i.e. temperature
anomaly) was retained in only two best models (Table 2).
When coefficients of the OLS models were compared
with those of the SAR models, in which spatial autocorrelation was accounted for, we found that the direction of the
relationship between a given environmental variable and a
given phylogenetic metric in each pair of models under comparison was generally the same, and the ranks of different

Table 1. Pearson’s correlation coefficient between each of the three phylogenetic metrics of freshwater fish assemblages (net relatedness
index, NRI; nearest taxon index, NTI; phylogenetic diversity index, PDI) and each of the 15 measures of the environment in the two biogeographic realms in North America.
Environmental variable
General environmental condition
Mean annual temperature
Min. temperature of coldest month
Max. temperature of warmest month
Annual precipitation
Precipitation of driest month
Precipitation of wettest month
Actual evapotranspiration
Potential evapotranspiration
Climate seasonality
Temperature seasonality
Precipitation seasonality
Habitat heterogeneity
Topographic heterogeneity
Temperature heterogeneity
Precipitation heterogeneity
Quaternary climate change
Temperature anomaly
Precipitation anomaly

NRI

Pacific realm
NTI

PDI

NRI

Atlantic realm
NTI

0.56
0.41
0.62
−0.23
−0.24
−0.25
−0.13
0.63

0.57
0.57
0.38
0.10
0.08
0.05
0.31
0.42

−0.60
−0.55
−0.50
0.02
0.08
0.06
−0.20
−0.52

−0.49
−0.44
−0.49
−0.45
−0.30
−0.48
−0.60
−0.30

−0.21
−0.20
−0.16
−0.17
−0.18
−0.12
−0.21
−0.10

0.47
0.42
0.45
0.38
0.26
0.39
0.51
0.29

−0.27
−0.22

−0.58
−0.31

0.51
0.26

0.31
0.28

0.19
0.21

−0.32
−0.27

0.07
0.45
−0.20

0.12
0.40
0.22

−0.10
−0.43
−0.06

0.43
0.39
0.11

0.10
0.01
0.07

−0.33
−0.26
−0.13

0.36
−0.43

0.63
−0.04

−0.54
0.21

−0.09
0.26

−0.03
−0.15

0.09
−0.05

environmental variables in the paired models were also generally the same in the two types of models (compare Table
2 with Supplementary material Appendix 1 Table A2). This
indicates that spatial autocorrelation had little effect on our
general conclusions about the relationships between phylogenetic metrics and environmental variables and, in particular,
the relative importance of different environmental variables
on a focal phylogenetic metric.

Percent of variation explained

50

40

explained by T and P jointly
explained by T only
explained by P only

30

20

10

0
NRI

NTI

PDI

Figure 3. Variation in each of the three phylogenetic metrics (net
relatedness index, NRI; nearest taxon index, NTI; phylogenetic
diversity index, PDI) of freshwater fish assemblages across North
America explained only by temperature-related variables (T), only
by precipitation-related variables (P), or jointly by temperaturerelated and precipitation-related variables. Temperature-related
variables included WorldClim bio1, bio6, bio5 and bio4; precipitation-related variables included WorldClim bio12, bio14, bio13 and
bio15 (<www.worldclim.org/bioclim>). See Methods for details.

PDI

Discussion
Our results show that across North America, phylogenetic
relatedness increases and phylogenetic diversity decreases,
with decreasing temperature and precipitation. This is consistent with our prediction that freshwater fish assemblages
in colder and drier climate conditions have higher phylogenetic relatedness and lower phylogenetic diversity than
assemblages in warmer, wetter climates. This finding is also
consistent with that for flowering plants (angiosperms) in
North America (Qian and Sandel 2017). Thus, the tropical niche conservatism hypothesis seems to be supported for
these examples of terrestrial and aquatic ecosystems in North
America. However, the relationships between phylogenetic
relatedness and temperature were weak. This is largely because
the greatest phylogenetic relatedness occurred in watersheds
in southwestern North America that has high temperature
but low precipitation. It may also be due to additional factors not included in our analyses. For example, the position
of catchments within biogeographic realms (Griffiths 2018)
and connectivity among drainages (Carvajal-Quintero et al.
2019) have been shown to more strongly influence riverine
freshwater fish species richness than climatic variables. The
relative influences of climatic conditions versus hydrological,
connectivity or geomorphological features on phylogenetic
structure and/or the amount of additional variation that
would be explained with such variables could be explored in
a future study.
We found that phylogenetic clustering was stronger in
western than in eastern North America, which supports our
prediction that drought, which would drive diversification in
neoendemic clades tolerant to drought, would cause phylogenetic clustering of freshwater fishes. We also found that the
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Figure 4. Coefficients of determination (R2) and standardized regression coefficients (β) for relationships between phylogenetic metrics (net
relatedness index, NRI; nearest taxon index, NTI; phylogenetic diversity index, PDI) and climate variables for the two biogeographic realms
(Atlantic, A, red; Pacific, P, blue) of freshwater fishes in North America.

relationships of phylogenetic relatedness with latitude and
many climatic variables were not consistent between the two
biogeographic realms. These findings are consistent with our
expectation that phylogenetic relatedness would increase and
phylogenetic diversity would decrease with latitude in the
Atlantic realm but the opposite pattern would be observed in
the Pacific realm. Selective extinction in clades intolerant to
drought and diversification in neoendemic clades tolerant to
drought likely produced the greater phylogenetic clustering
we observed in southwestern North America. This pattern
has been detected for both plants and animals. For example,
the angiosperm family Asteraceae (sunflower family) has 125
genera endemic to the southwest, which accounts for about
one third of all endemic genera in about 150 angiosperm families in the region (based on the data analysed in Qian 2001),
and some endemic genera are remarkably speciose (e.g. 65 of
the 66 species of Perityle are endemic to southwestern North
America; Mabberley 2008). Similar cases occur in freshwater fishes. For example, for the Cyprinidae family, all of the
28 species of a clade including ten genera (Acrocheilus, Gila,
Hesperoleucus, Lavinia, Moapa, Mylopharodon, Orthodon,
Ptychocheilus, Relictus and Siphateles) are restricted to western
North America. The vast majority of these species are further
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restricted to southwestern North America (only two of the
28 species are distributed in northwestern North America).
The high degree of phylogenetic relatedness is also related
to the uplift of the mountain ranges in southwestern North
America that presented barriers for dispersal (Smith et al.
2010). Thus, the above-discussed extinction and speciation
processes in southwestern North America, and the fact that
eastern North America has been geologically more stable
during the past tens of millions of years than western North
America (Graham 1999), would have caused not only stronger phylogenetic clustering in the Pacific than in the Atlantic
realms, but also stronger phylogenetic clustering in the south
than in the north within the Pacific realm.
Overall, our study showed that temperature-related variables explained more variation in phylogenetic relatedness
than did precipitation-related variables for freshwater fish
assemblages across North America. This is consistent with
our prediction and reflects the direct influence of temperature
on fishes. As ectothermic organisms, temperature directly
impacts the physiology, growth, survival, reproductive timing and distribution of fishes (Fry 1947, Eaton et al. 1995).
Precipitation on the other hand influences the quantity and
quality of aquatic ecosystems, but is not as directly related

Table 2. Adjusted coefficients of determination (R2adj) and standardized regression coefficients from ordinary least squares (OLS) models of
each of the three phylogenetic metrics of freshwater fish assemblages (net relatedness index, NRI; nearest taxon index, NTI; phylogenetic
diversity index, PDI) and each of the 15 measures of the environment in the two biogeographic realms in North America. Each model was
the best model (with the lowest AICc) among the 32 767 models derived from all possible combinations of the 15 environmental
variables.
Environmental variable
General environmental condition
Mean annual temperature
Min. temperature of coldest month
Max. temperature of warmest month
Annual precipitation
Precipitation of driest month
Precipitation of wettest month
Actual evapotranspiration
Potential evapotranspiration
Climate seasonality
Temperature seasonality
Precipitation seasonality
Habitat heterogeneity
Topographic heterogeneity
Temperature heterogeneity
Precipitation heterogeneity
Quaternary climate change
Temperature anomaly
Precipitation anomaly
R2adj

NRI

−1.75
1.22
0.33

−1.25
−0.29

Pacific realm
NTI

PDI

0.64
1.14
−1.21

NRI

Atlantic realm
NTI

−3.42

−2.46

2.59

1.26
−0.49
1.22
−0.94

−1.35
1.39
−0.72
−1.33
0.96

−0.83
−0.41

0.92
0.35

−0.62
0.63

−0.46

2.22
−1.96
1.11
1.02
−0.58

−0.40

0.98
0.38

−1.33
−0.30

−0.40
0.45

−0.33
0.63

as temperature to the biological processes that support the
persistence or extinction of fish populations and assemblages.
The tropical niche conservatism hypothesis predicts
greater phylogenetic clustering in areas with colder and drier
climates (Wiens and Donoghue 2004). Accordingly, in western North America, it predicts an increase of phylogenetic
clustering with increasing latitude on the one hand, when the
thermal gradient is considered, but a decrease of phylogenetic
clustering with increasing latitude, when the humidity gradient is considered. The fact that freshwater fishes are more
closely related in southwestern than in northwestern North
America, as shown in our study, suggests that assembly of
freshwater fishes into western watersheds was more strongly
driven by the ability to tolerate arid climate than by the ability to tolerate cold climate for freshwater fishes.
Our results showed that on average NRI was more
strongly correlated with environmental variables than was
NTI. NRI quantifies phylogenetic relatedness based on the
mean pairwise distance of all species in an assemblage across
the phylogeny and accounts for phylogenetic relatedness at
both deep and shallow evolutionary histories whereas NTI
accounts for phylogenetic relatedness only at shallow evolutionary histories (Webb et al. 2002). Accordingly, our results
suggest that the relationships between phylogenetic structure
and environmental factors for freshwater fishes in North
America have a deep root in the evolutionary history of freshwater fishes.
In sum, this study revealed that 1) freshwater fish assemblages in colder and drier climate conditions have higher
phylogenetic relatedness and lower phylogenetic diversity, 2)

0.33

0.08

0.70

0.31
0.59

0.64

PDI

−0.11
0.32
−0.66
0.27

−0.17
0.35
0.50

freshwater fishes are more closely related in western than in
eastern North America, 3) phylogenetic relatedness increases
and phylogenetic diversity decreases with latitude in eastern
North America whereas the opposite patterns are shown in
western North America, 4) across North America the relationships of phylogenetic structure with temperature variables are stronger than those with precipitation variables,
5) the relationship between phylogenetic relatedness and
precipitation across the longitudinal (humidity) gradient in
southern North America is much stronger than that between
phylogenetic relatedness and temperature across the latitudinal (thermal) gradient in eastern North America and 6)
basal-weighted metrics of phylogenetic relatedness are more
strongly related with environmental variables than are tipweighted metrics of phylogenetic relatedness. Our study
showed that geographic patterns of phylogenetic structure
of freshwater fishes across North America are a result of the
interplay of ecological and evolutionary processes.
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